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Abstract 
Based on a self-regulating mesophilic anaerobic reactor, we did a mesophilic anaerobic ferment test on rehmannia residue. This 
experiment systematically investigated the amount change of the methane production as the anaerobic reaction time changes. We 
concluded the proliferation regularity of beneficial anaerobic bacteria flora through accumulative methane production during the 
zero-order reaction period of anaerobic ferment. The results show that based on the mesophilic reaction temperature which is 
37±1ć , when the feeding cycle is 7 days, after the 56 days continuous operation, the methane production potential is 
92.8mL/(g•VS), the inflection point of the 0~1 order reaction would gradually advance, we find mostly negligible change of 
cumulative methane production in each cycle; when the feeding cycle was changed to 10 hours, the anaerobic bacteria flora was 
in a state without substrate competition, in this period, we find a linear relationship between the logarithm of the amount of 
cumulative methane in each cycle and the reaction time: y = 0.0506x + 7.295, the specific growth rate of beneficial bacteria flora 
is 0.121d-1,the doubling time is 5.7 days. The research can give references for engineering design of the Chinese medicine residue 
anaerobic treatment and semi-continuous anaerobic treatment. 
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1. Introduction 
Up to now, the annual emissions of Chinese medicine residue is 30 million tons1, Chinese medicine residue has 
high water content and rich nutrition, which is easy to decay. The disposal of Chinese medicine residue conveyed 
out of the factory is mostly piled up, which will easily cause serious pollution to the environment. The processing 
methods of the Chinese medicine residue include landfill, incineration, stacking and so on, which not only cost a lot 
of money, but also lead to serious pollution and a waste of renewable resources. Currently the technology of 
anaerobic fermentation that produces biogas is an efficient way to reduce, harmless and the resourceful treatment of 
organic residue2. The main components of Chinese medicine residue is starch, polysaccharides, hemicellulose, 
cellulose, protein and so on, which also contain N, P, K and other inorganic elements, thus making it become good 
raw material of anaerobic fermentation3. X.S. Zhang4 used the medicine residue as ferment material in anaerobic 
fermentation, research has been conducted on anaerobic fermentation potential of medicine residue and related 
influencing factors, the result shows that medicine residue is appropriate ferment material in anaerobic fermentation. 
Therefore, using anaerobic digestion to dispose Chinese medicine residue can not only treats solid waste pollution, 
but also provides clean energy, so that to realize win-win situation of the environment and economy. 
2. Materials and methods 
2.1. Source of rehmannia waste residue and seed sludge 
The rehmannia waste residue used in the experiment was taken from the production site of a pharmaceutical 
company in Hubei province, the Seed sludge was taken from a IC anaerobic reactor in a yeast production enterprise 
in hubei province, put in 4 ć refrigerator to save after back to the laboratory. The physicochemical properties of 
seed sludge and rehmannia waste residue As shown in Table 1. 
Table 1 
The physicochemical properties of seed sludge and rehmannia waste residue 
Sample TS(%) VS(%) VS/TS(%) 
seed sludge 12.8 7.0 54.3 
Rehmannia waste residue 38.46 34.03 88.48 
 
2.2. Experimental Device 
The homemade Middle-temperature Anaerobic Reactor consists of an anaerobic reactor, a constant temperature 
water bath oscillator, a gas bottle, a lye exhaust gas collecting device an outlet pipe, etc. A 5L grinding mouth iodine 
flask (reactor) is externally connected to the gas bottle and the lye exhaust gas collecting device. The former is with 
5mol/L of sodium hydroxide solution inside, and the latter with 2mol/L of that inside. The biogas produced from the 
anaerobic process mainly consists of CH4 and CO2; Most of the CO2 is absorbed and removed after the biogas is 
dissolved by the gas bottle and the lye collecting device, and the discharged lye is to be held in a beaker and 
measured with a graduated cylinder. It is a must to place the Anaerobic Reactor inside the SHZ-C constant 
temperature water bath oscillator, so as to make sure that the anaerobe within the reactor is in a stable growing 
environment and is able to produce and vent gas evenly. 
2.3. Sludge Acclimation 
Inoculate 500mL anaerobic sludge to the Anaerobic Reactor, by placing it in the constant temperature water bath 
oscillator to conduct the acclimation and cultivation of the anaerobic sludge. Further add into the reactor with 100g 
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rehmannia residue and set the feeding cycle to be 3 days. In the early stage of the acclimation, there will be a 
relatively long and disordered lag time in gas generating. Along with the process, however, a gas production curve 
will appear gradually and tend to be steady. And not only that, the gas producing lag time is distinctly shortened till 
its disappearance under the condition that the same residue is repeatedly added into the reactor. The sludge 
acclimation is completed when the gas production curve accumulates to its maximum and keeps stabilized 
2.4. Experimental Methods 
Add into the 5L reactor (effective volume of 3L) about 500mL acclimatized anaerobic sludge and 100g 
fragmented rehmannia residue. The feeding cycle is 7 days. Give two shocks on a daily basis to the reactor during 
the experiment and make a daily record of the volume of the exhausted lye from 8:00 to 22:00. When the test lasts 
for eight cycles, shorten the feeding cycle to 10 hours, and acquire the feeding amount from the methane production 
of the previous cycle as calculated from per unit mass rehmannia residue; meanwhile, record the exhausted lye 
volume every hour. This is to keep the anaerobic fermentation at the zero order reaction stage. 
2.5. Analysis Methods 
TS: drying to constant weight method (oven)˗ 
VS: burning to constant weight method (Muffle Furnace)˗ 
Methane amount: lye-draining method, measure the volume of draining lye every hour or every two hours (based on 
experimental methods). 
3. Results and analysis 
3.1. Kinetic Analysis on Gas Production by Rehmannia Residue Anaerobic Fermentation 
There have been a number of prominent researchers giving reports on kinetic study related to methane production 
by biomass anaerobic digestion. They maintained that in the course of the anaerobic digestion, the process of 
producing methane by biomass followed the first-order reaction. The BMP analysis method was firstly proposed in 
1979 by Owen et al. and was afterwards applied and amended by many other researchers. In 1993, Cheynoweth et 
al5.as come up with the methane production kinetic equationܤ ൌ ܤ଴ሺͳ െ ݁ି௞௧ሻ in the process of biomass anaerobic 
digestion. In this formula, ܤ stands for the methane production, ܤ଴ the ultimate methane output and k the reaction 
rate constant, and that the parameters of k and ܤ଴are available by fitted curve. Bring into the Cheynoweth equation 
with the methane production data obtained in the experiment respectively, and make a polynomial fit Fig. of the 
total methane production as well as the growth kinetic model fitting chart through Curve Expert 1.4 software. In 
addition, organize and plot the chart with Origin 9.0 software. The Fig.1 is as the following: 
 
Fig.1. Change of the Cumulative Methane Production with the Anaerobic Reaction Time 
21 Jia Wang and Yafan Bi /  Procedia Environmental Sciences  31 ( 2016 )  18 – 25 
Fig. 1 is the display of the cumulative methane production within one cycle of the sequencing batch fermentation. 
When the fermentation cycle takes place, the cumulative methane production will rise gradually. And the 
establishment of a kinetic model of gas producing on the base of the Origin 9.0 software provides the following 
analytic result: the methane producing process within one cycle falls into two stages. The first stage is 0~20h, during 
which time the beneficial bacteria is in a stable growth phase for the no substrate competition, and the cumulative 
methane production is at zero level reaction with a linear increase. It’s linear equation is ଵ ൌ ͳͲ͸Ǥͺͺଵ ൅ ͺͳǤ͸͸͹, 
wherein y1 represents the cumulative methane production (mL) at the time of t1 (h, 0< t1<20). The second one is 
20~168h. In this stage, the metabolic pattern of the beneficial bacteria is at the first-order reaction as well as in the 
rate-limiting phase of hydrolysis and acidification without VFA accumulation. Its equation is ଶ ൌ ͵ͳͶͲሺͳ െ
ି଴Ǥ଴ଷଷ଻୲మሻ, wherein y2 is the cumulative methane production at the time of t2 (h, 20< t2<168). 
3.2. Change of the cumulated methane production with the anaerobic reaction under the feeding cycle of 7 days 
It is found that the zero order reaction time is cut down step by step when the reaction has been operating 
continuously for 56 days, which indicates that under this condition, the methane bacteria system is capable of 
adapting to the rehmannia residue for further stabilized proliferation. And meanwhile, the rate of the anaerobic 
methane production by rehmannia residue is 92.8mL/(g•VS). Refer to Fig.2 for the change of the cumulative 
methane production with the reaction time within four sequential cycles. 
 
Fig.2. Change of the cumulative Methane Production with the Anaerobic Reaction Time 
Fig.2.indicates that when the anaerobic reaction lies in the 0~1 level of reaction stage, the first day producing rate 
will reach maximum, whereas, it will nearly stop generating gas till the sixth day. Secondly, there exists little change 
in the cumulative methane production within the four cycles of the same continuous feeding. Here is the first day’s 
methane production percentage of the total amount: 52.88%, 55.56%, 59.08% and 63.95%. Thirdly, the more the 
biomass of the beneficial bacteria increases, the faster the conversion rate of the same feeding will be. Here are the 
kinetics constants at the zero-order reaction: 143.1ml/h, 150.2mL/h, 159.5mL/h and170.7mL/h. Finally, the methane 
production is in a growing adding at the stage of no substrate competition, demonstrating that the beneficial bacteria 
are in steady proliferation. 
3.3. Change of the Cumulative Methane Production with the Anaerobic Reaction under the Feeding Cycle of 10 
hours 
Refer to the Fig.3 for the relationship between the cumulative methane production and the anaerobic reaction 
time within four consecutive cycles. 
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Fig.3. Change of the Methane Production with the Anaerobic Reaction Time within Four Consecutive Cycles 
As it can be inferred from the Fig.3 that the anaerobic reaction is at the zero-order reaction stage in 0~10 hours, 
where the anaerobic bacteria is in proliferation status owing to its no substrate completion, regarding as the 
maximum stage of the substrate degradation rate. And the methane produced per unit time will grow with the 
beneficial bacteria proliferation. The following is the kinetics model of the gas production at zero-order reaction in 
the anaerobic process: 
ܸ݀Ȁ݀ݐ ൌ ݇ 
Wherein: V--cumulative methane production, mL; 
t-- Reaction time, h; 
k-- Kinetic constant, mL/h. 
Calculate and get its zero-order reaction kinetic constants-k as: 240.47mL/h, 254.39mL/h, 264.45mL/h and 
279.75mL/h. 
3.4. Change of the Beneficial Bacteria Proliferation with Time during the Zero-order Reaction Period 
The metabolic process of the anaerobic bacteria is completed collaboratively by a variety of bacteria, resulting in 
relatively complex intermediate products like inhibition, antagonism as well as their interaction. Therefore, it’s 
difficult to draw the number of its proliferation by direct observation. Nevertheless, the acclimatized beneficial 
bacteria’s ultimate product is methane, and the anaerobic beneficial bacteria will not be subject to the substrate 
concentration restriction at the zero-order reaction. Therefore, the amount of methane produced per unit time can 
fully reflect its proliferation when other conditions remain unchanged. Additionally, it is within the 0~10 hours that 
the anaerobic bacteria will stay in the zero-reaction stage, whereby its proliferation law can be represented by the 
cumulative methane production within 10 hours. Refer to Fig.4 for the change of the methane production with the 
time during the zero-order reaction period. 
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Fig.4. Change of the Beneficial Bacteria Proliferation with the Time during the Zero-order Reaction Period 
Fig.4 shows that, in a 10 hours feeding cycle, the methane production during the zero-order reaction period in 10 
hours is increasing significantly from 1527mL to 3093mL. Since the beneficial bacteria have gone through a 160-
hour proliferation without substrate competition, when other conditions remain unchanged, the substrate in the high 
substrate concentration system will be degraded at the maximum rate which however is only related to biomass6.The 
final degraded product is methane. In the biochemical reaction, the microbial growth is the result of the substrate, 
and the producing rate Y is the microbial growth on the base of unit substrate. Its mathematical expression is7: 
 ൌ ο௫οௌ                                                                                                                                                                               (1) 
ο ൌ ሺοሻୗ ൅ ሺοሻ୉                                                                                                                                        (2) 
Wherein: Δx-- increment of active microbial biomass after use of the ΔS substrate; 
    ΔS-- amount of the substrate utilized by the microorganisms; 
   (ΔS)S-- amount of substrate for the synthesis of new cellular material; 
   (ΔS)E-- substrates for production usage. 
For the increment in a certain time Δt, the substrate concentration variation is in direct proportion to the amount of 
the microbial biomass x, which can be mathematically expressed as follows: 
 
οௌο௧ ൌ ݔ                                                                                                                                                                   (3) 
In the process of microorganism culture, after a certain time Δt, the microbial biomass increment Δx is in direct 
proportion to the original microbial biomass amount x. Introduce a proportionality constant μ as micro-organisms 
specific growth rate, as in the mathematical expression: 
 
ο௫ο௧ ൌ Ɋݔ                                                                                                                                                                    (4) 
 
Put(1),(2),(4) to (3),we have 
 
ሺοୗሻೄାሺοୗሻಶ௤ο௧ ൌ
ο௫
ஜο௧                                                                                                                                                       (5) 
 
Equaling to 
 
ሺοୗሻుο௫ ൌ
୯
ஜ െ
ଵ
ଢ଼౏
                                                                                                                                                           (6) 
 
q, μ, ୗ are constants; since
୯
ஜ െ
ଵ
ଢ଼౏
ൌ Ƚ, it comes as follows: 
ሺοሻ୉ ൌ Ƚο                                                                                                                                                           (7) 
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While methane production increment ο is proportional to the substrate amount for production usage ሺοሻ୉, 
introducing proportionality coefficient ρ to get 
ሺοሻ୉ ൌ ɏο                                                                                                                                                            (8) 
So putting them together we have: 
 
ο ൌ ఘఈ ο                                                                                                                                                               (9) 
Since ɏȀȽ is a constant, the methane produced per unit during zero-order reaction period is exclusively relevant 
to the biomass of beneficial bacteria, and the multiplication of methane production within the cycle can be regarded 
as that of the amount of the anaerobic beneficial bacterial. 
 
Fig.5. Change of the Natural Logarithm of the Methane Production with the Reaction Time in a Cycle 
It can be known from the Fig.5 that in the logarithm phase, the microorganism specific growth rate μ is a constant8. 
Meanwhile: 
୲ ൌ ଴ஜ୲                                                                                                                                                            (10) 
Wherein: μ-- specific growth rate, h-1  
X-- Microbial biomass at any time 
t-- Time, hour 
Take the logarithm on both sides and substitute into the equation to acquire: 
 

ഐ
ഀο୚೟
ഐ
ഀο୚బ
ൌ Ɋ                                                                                                                                                        (11) 
Equaling to 
 
Ɋ ൌ ୪୬ο୚೟ି୪୬ο୚బ௧ି଴                                                                                                                                                     (12) 
In Fig. 5, the natural logarithm of the methane production within a cycle is in a linear relationship with the reaction 
time after fitting: y = 0.0506x + 7.295. According to the equation, it can be inferred that the slope is the specific 
growth rate of microorganisms μ. Replace the unit of time of 10h to be day, and acquire Ɋௗ=0.0506*24/10=0.121d-1. 
In the case of ݔ௧ ൌ ʹݔ଴, t is the generation of microbial G. Substitute it into the equation to acquire: 
 

 ൌ ୪୬ଶஜ೏ ൌ ͷǤ͹                                                                                                                                                        (13) 
Therefore, the specific growth rate of beneficial bacteria is 0.121d-1, doubling time 5.7 days. 
4. Conclusions 
In the process of rehmannia residue anaerobic fermentation, the methane production process in a cycle is divided 
into two stages: the first stage is 0~20 hours, and the second one is 20~168 hours. In the first stage, the cumulative 
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methane production lies in the zero-order reaction period, and the methane production is in linear growth with its 
linear equation as: ଶ ൌ ͵ͳͶͲሺͳ െ ି଴Ǥ଴ଷଷ଻୲మሻ. In the second stage, the metabolic mode of the beneficial bacteria 
acts as the first-order reaction, which has no VFA accumulation and is in the rate-limiting phase of hydrolysis and 
acidification. Its equation is ଶ ൌ ͵ͳͶͲሺͳ െ ି଴Ǥ଴ଷଷ଻୲మሻ . 
Under a feeding cycle of 7 days, the methane-producing potential after 56 days continuous operation will be 
92.8mL/g•VS. There is no evident change of the cumulative methane production in a cycle. The inflection point of 0 
to 1 reaction will be brought forward. The first day’s amount of methane production of the cycle will raise its 
proportion from 52.88% to 63.95%. Accompanied by the increase of the biomass of beneficial bacteria, there will be 
an obvious enlargement in the conversion rate of the same feeding. The reaction kinetics constants at zero-order 
reaction stage can be calculated respectively as 143.1ml/h, 150.2mL/h, 159.5mL/h and 170.7mL/h. 
When the feed cycle is 10 hours, the beneficial bacteria are under the condition of no substrate competition. The 
natural logarithm of the methane production within a cycle is in a linear relationship with the reaction time as: y = 
0.0506x + 7.295, and the specific of growth rate of beneficial bacteria k is 0.121d-1, doubling time is 5.7 days. 
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